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(PhC)	and	 its	 fabrication	by	nanoimprint	 lithography	on	
tantalum	 substrates	 are	 presented.	 The	 superior	
tailoring	 capacity	 of	 the	 superlattice	 PhC	 geometry	 is	
used	 to	 achieve	 spectrally	 selective	 solar	 absorbtion	
optimized	for	high	temperature	and	high	efficiency	solar	
energy	conversion	applications.	The	scalable	fabrication	
route	 by	 nanoimprint	 lithography	 allows	 for	 a	 high‐
throughput	 and	 high‐resolution	 replication	 of	 this	
complex	 pattern	 over	 large	 areas.	 Despite	 the	 high	 fill	
factor,	 the	 pattern	 of	 polygonal	 cavities	 is	 accurately	
replicated	 into	 a	 resist	 that	 hardens	 under	 ultra‐violet	
radiation	over	an	area	of	10	mm2.	In	this	way,	cavities	of	
905	nm	and	340	nm	width	are	achieved	with	a	period	of	
1	µm.	 After	 pattern	 transfer	 into	 tantalum	 via	 a	 deep	
reactive	 ion	 etching	 process,	 the	 achieved	 cavities	 are	
2.2	µm	 deep,	 separated	 by	 85‐95	nm	 wide	 ridges	 with	
vertical	 sidewalls.	 The	 room	 temperature	 reflectance	
spectra	 of	 the	 fabricated	 samples	 show	 excellent	
agreement	with	 simulated	 results,	with	 a	 high	 spectral	
absorptance	 approaching	 blackbody	 absorption	 in	 the	
range	 from	 300‐1900	nm,	 and	 a	 steep	 cut‐off.	 The	
calculated	 solar	 absorptivity	 of	 this	 superlattice	 PhC	 is	
96%	 and	 its	 thermal	 transfer	 efficiency	 is	 82.8%	 at	 an	






rapidly	 due	 to	 an	 increased	 scientific	 interest	 as	 well	 as	 emerging	
applications,	especially	in	the	field	of	energy	conversion.	In	this	 field,	
the	 challenges	 photonic	 components	 have	 to	 meet	 are	 high	
temperature	stability	over	long	lifetimes,	high	tailoring	capacity	of	the	
optical	properties,	and	economic	 fabrication	over	 large	areas.	 In	 this	
study,	a	superlattice	PhC	consisting	of	polygonal	cavities	gave	superior	
control	over	the	spectral	properties	to	achieve	a	highly	selective	solar	
absorber	 with	 low	 thermal	 emission	 for	 high	 temperature	 energy	
conversion	applications.	For	the	first	time,	a	metallic	superlattice	PhC	
absorber	was	fabricated	by	nanoimprint	lithography	(NIL)	as	a	high‐




such	 as	 thermophotovoltaics	 (TPV),	 solar	 TPV,	 and	 solar	 thermal	










from	 refractory	metals	 have	been	used	 for	 spectrally	 selective	 solar	
absorbers	 and	 thermal	 emitters.5‐10	 Refractory	 metals	 are	 ideally	
suited	to	achieve	thermal	stability	over	long	lifetimes	due	to	their	high	
melting	 point	 and	 low	 vapor	 pressure.	 Thermal	 stability	 of	 the	
nanostructured	PhCs	is	critical11	and	it	has	been	demonstrated	that	2D	
and	 3D	 PhCs	 with	 critical	 dimensions	 below	 100	nm	 are	 stable	 at	
temperatures	exceeding	1200	K	by	using	surface	protection	coatings	of	
hafnium	 oxide	 (HfO2).12‐14	 2D	 PhCs	 can	 be	 used	 to	 achieve	 spectral	
selectivity,	which	is	critical	for	thermal	absorbers	and	emitters	in	STPV	
systems.15‐17	 A	 superlattice	 PhC	 however	 allows	 for	 even	 greater	
design	flexibility	to	tailor	the	properties	to	specific	needs.	A	selective	




electromagnetic	 modes	 of	 both	 cavities	 enhances	 the	 intrinsic	




In	 the	 past,	 2D	 PhCs	 for	 selective	 emitters	 and	 absorbers	 were	
fabricated	on	 tungsten	 (W)	 and	 tantalum	 (Ta)	 substrates	 as	well	 as	
TaW	alloys19‐21	using	electron‐beam	lithography	(EBL)7	or	interference	
lithography	 (IL).5,19‐21	 The	 first	 method	 is	 expensive	 and	 limited	 in	
throughput	and	area;	the	second	one	is	capable	of	exposing	large	areas,	
but	is	inherently	limited	to	simple	patterns	such	as	square	lattices	of	
cylindrical	cavities.	 In	 this	study,	nanoimprint	 lithography	 (NIL)	was	
used	as	a	high‐throughput,	high‐resolution	nanostructuring	technique	
that	 allows	 for	 complex	 and	dense	patterns	 to	 be	 replicated	 from	a	
master	 stamp	 with	 high	 reproducibility	 and	 uniformity	 over	 large	
areas.22‐24	We	 employed	 UV‐NIL	 for	 which	 the	 surface	 pattern	 of	 a	
stamp	is	mechanically	pressed	into	a	resist,	which	is	then	hardened	by	
exposure	 to	 ultraviolet	 (UV)	 light	 through	 the	 transparent	 stamp,	
before	 the	 stamp	 is	 released.	 One	 advantage	 over	 EBL	 is	 that	 one	
master	 stamp	 containing	 the	pattern	 can	be	used	 to	 structure	 large	








operating	 at	 a	 high	 operating	 temperature	 (1500	K)	 and	 a	 high	












as	 increased	 absorptivity	 in	 the	 visible	 range.14,18	 The	 spectral	
absorptance	of	the	fabricated	PhCs	was	determined	from	reflectance	
measurements	at	room	temperature	in	the	range	of	0.3	µm	to	10	µm	
using	 a	 Fourier‐transform	 infrared	 spectrometer	 (FTIR)	 and	 a	
spectrophotometer	with	an	integrating	sphere.	The	measured	spectra	
showed	low	reflectance	approaching	zero	in	the	visible	range,	and	high	
reflection	 approaching	 that	 of	 flat	 Ta	 in	 the	 long	wavelength	 range,	
being	in	excellent	agreement	with	the	simulated	results.	
Polished,	 pre‐annealed	Ta	 sheets	of	 500	µm	 thickness	were	used	 as	
substrates.	As	a	mask	for	the	final	deep	reactive	ion	etching	(DRIE)	of	
Ta,	a	layer	of	100	nm	SiO2	was	deposited	on	the	substrates	by	plasma‐
enhanced	 chemical	 vapor	 deposition	 (PECVD),	 using	 425	sccm	 SiH4,	
2%	 N2	 and	 710	sccm	 N2O	 at	 300°C	 and	 a	 power	 of	 10	W).	 The	
superlattice	 pattern	was	 created	 by	UV‐NIL	 using	 an	 EVG620	mask	
aligner.	The	stamp	was	replicated	from	a	NIL	template,	containing	the	
superlattice	PhC	pattern	etched	to	a	depth	of	200	nm	into	a	silicon	(Si)	
substrate	 (IMS	Chips,	Germany).	 Since	 the	Ta	 substrates	were	more	
rigid	than	the	more	commonly	used	Si	substrates,	a	flexible	stamp	had	
to	 be	 used	 in	 order	 to	 establish	 close,	 uniform	 contact	 during	
nanoimprinting.	Therefore,	a	150	µm	thin	glass	slide	served	as	stamp	
backplate.	 An	 additional	 compliant	 layer	 of	 	 polydimethylsiloxane	
(PDMS,	~900	µm	thick)	in	the	same	size	as	the	substrate	was	placed	on	
top	of	the	flexible	stamp	during	imprinting	to	ensure	uniform	contact	
and	 to	 level	 out	 any	 substrate	unevenness	or	 stamp	deformations25	
(see	schematic	in	Fig.	1(b)).		
Fig.	1.	(a)	Layout	of	the	superlattice	PhC	with	period	a=1	µm,	octagon	
width	 w1=0.905	µm,	 square	 side	 length	 w2=0.34	µm.	 (b)	 Schematic	
view	of	 the	UV‐NIL	process	with	 a	 flexible	 stamp	 (not	 to	 scale).	 (c)	
Scanning	electron	micrograph	of	 the	Si	 template.	 (d)	Flexible	stamp:	
Ormostamp	on	a	150	µm	thin	glass	slide.	(e,f)	PhC	imprinted	into	the	
resist	 layer,	with	residual	 resist	 layer.	 (g,h)	PhC	etched	 into	 the	SiO2	




(microresist	 technology	 GmbH)	 on	 the	 glass	 substrate,	 which	 was	
treated	 with	 Ormoprime®	 as	 adhesion	 promoter.	 Next,	 the	 stamp	
surface	 was	 coated	 with	 an	 antisticking	 layer	 and	 the	 cleaned	 Ta	
substrates	 were	 treated	 with	 TI	 prime	 adhesion	 promoter	
(MicroChemicals).	 Then	UV‐curable	 resist	 (mr‐UVCur21,	microresist	
technology	GmbH)	was	spin‐coated	onto	the	substrates,	and	the	stamp	
imprinted	 into	 the	 resist	 and	 cured	by	UV	exposure.	The	 imprinted	
structures	 had	 narrow	 ridges	 of	 approx.	 85‐95	nm	 width	 between	
cavities	of	approx.	905	nm	(inner	diameter	octagons)	and	340nm	(side	
length	squares),	with	very	steep	sidewalls	(see	Fig.	1),	which	ensures	
the	 accurate	 transfer	 of	 the	 pattern	 into	 the	 substrate	 in	 the	








with	 a	 selectivity	 of	 about	 2:1	 using	 20	sccm	 CHF3,	 20	mTorr	 and	
120	W.	Finally,	the	pattern	was	etched	into	the	Ta	substrate	by	DRIE	
using	a	Bosch	process	with	SF6	and	C4F8	as	the	etching	and	passivating	













and	 near‐infrared	 (NIR)	 spectral	 range	 while	 keeping	 the	 thermal	
emissivity	low.	As	a	figure	of	merit,	the	thermal	transfer	efficiency	of	
the	absorber	ηT	was	calculated,	which	denotes	the	difference	between	
absorbed	 and	 thermally	 re‐emitted	 power,	 normalized	 by	 the	 input	
power:26	
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where	ᾱ	is	the	solar	absorptivity,	ߝ	̅is	the	thermal	emissivity,	and	σ	the	
Stefan‐Boltzmann	constant,	T	the	operating	temperature,	HS	is	the	total	





(S4,	 Ref.	 27)	 and	 verified	 by	 a	 finite‐difference	 time‐domain	 (FDTD)	
algorithm	 (MEEP,	 Ref.	28).	 The	 material	 properties	 of	 Ta	 as	 the	
substrate	 material	 were	 taken	 into	 account	 using	 the	 dispersion	
relation	 of	 Ta	 at	 high	 temperature,	 taken	 from	 the	 literature29	 to	
calculate	 the	 spectral	 properties	 of	 the	 PhC	 absorber	 at	 high	
temperature.	For	room	temperature	simulations,	 the	dispersion	of	a	
polished	Ta	measured	at	room	temperature	was	used.	Note	that	the	
spectral	 absorptance	 and	 emittance	 is	 also	 angle‐dependent,	 and	 to	
calculate	the	thermal	emissivity,	the	hemispherical	spectral	emittance	
of	 the	 PhC	 was	 taken	 into	 account.	 For	 operating	 conditions	 of	
T=1500	K	 and	 HS=1000	kW/m2	 incident	 irradiance,	 the	 optimized	
superlattice	 has	 a	 period	 a=1.0	µm,	 width	 w1=0.905	µm	 and	
w2=0.34	µm	and	an	HfO2	coating	with	thickness	40	nm.	Although	the	
solar	absorptivity	increases	with	etching	depth	of	the	cavities	in	Ta,	ᾱ	is	
already	higher	 than	96%	 for	 an	 etch	depth	above	2.0	µm.	A	 further	
increase	 in	 etching	 depth	 was	 found	 to	 have	 only	 a	 diminishing	
increase	 in	 ᾱ.	 The	 thermal	 transfer	 efficiency	 is	 ηT=82.8%	 (1500	K,	
1000	kW/m2)	 for	 an	 etching	 depth	 of	 2.2	µm.	 The	 spectral	
absorptance	and	 the	calculated	 thermal	emission	of	 this	superlattice	
PhC	 absorber	 at	 1500	K	 are	 displayed	 in	 Fig.	3.	 Due	 to	 the	
contributions	from	cavity	modes	of	both	the	square	and	the	octagonal	
cavities	 and	 the	 additional	HfO2	 coating,	 the	 spectral	 region	 of	 high	
absorptance	 spans	 approx.	from	 300	nm	 to	 1900	nm,	 covering	 the	
range	of	the	solar	spectrum	with	significant	irradiance.	There	is	a	steep	
cut‐off	 of	 the	 absortance	 (=emittance)	 at	 1900	nm	 so	 that	 the	
calculated	thermal	emissivity	of	the	PhC	at	1500	K	as	defined	in	Eq.	3	is	
ߝ	̅=0.46.	I.e.,	in	comparison	to	a	blackbody	emitter	the	emission	of	the	









Fig.	3.	Simulated	 spectral	 normal	 absorptance	 of	 the	 optimized	
superlattice	PhC	(blue,	dashed	line)	as	compared	to	the	solar	spectrum	
(AM1.5D,	normalized,	green	solid	line),	and	the	spectral	hemispherical	
emission	 at	 1500	K	 of	 the	 superlattice	 PhC	 (red,	 dashed‐dotted)	
compared	 to	 blackbody	 emission	 at	 1500	K	 (black,	 dotted,	
normalized).	
To	 characterize	 the	 spectral	 performance	 of	 the	 fabricated	 samples,	
their	reflectance	was	measured	at	room	temperature	from	600	nm	to	




addition,	 a	 spectrophotometer	 with	 a	 150	mm	 InGaAs	 integrating	
sphere	(Perkins‐Elmer	Lambda	1050)	was	used	to	measure	the	total	
reflectance	 from	300	nm	 to	 1400	nm,	 capturing	 also	 diffraction	 and	
diffuse	reflection.	Since	the	sample	was	opaque,	the	absorptance	can	be	
derived	 from	the	measured	reflectance	using	Kirchhoff’s	 law:	A=1‐R.	
As	 can	 be	 seen	 in	 Fig.	4,	 the	 measured	 spectrum	 shows	 excellent	















conditions	 of	 1500	K	 and	 an	 irradiance	 of	 1000	kW/m2,	 and	 has	 a	





fill	 factor	 of	 almost	 80%,	 the	 pattern	 was	 replicated	 with	 excellent	
uniformity	 and	 good	 accuracy	 over	 an	 area	 of	 10mm2.	 It	 was	
transferred	into	a	SiO2	hard	mask	by	RIE	and	finally	etched	into	Ta	by	
DRIE	 using	 a	 SF6	 and	 C4F8	 based	 Bosch	 process.	 The	 resulting	
superlattice	 PhC	was	 2.2µm	 deep,	 having	 ridges	 of	 85‐95nm	width	
between	the	cavities	and	vertical	sidewalls.	In	the	last	step	a	conformal	
HfO2	coating	was	deposited	by	ALD.	The	spectral	absorptance	derived	
from	 reflectance	 measurements	 at	 room	 temperature	 shows	 high	





(1500	K,	 1000	kW/m2)	 for	 a	 superlattice	 PhC	 absorber	 with	 this	
geometry.	 These	 results	 demonstrate	 that	 the	 superior	 tailoring	
capacity	 of	 the	 superlattice	 PhC	 geometry	 is	 ideal	 to	 achieve	 highly	
selective	absorption	and	emission,	which	is	crucial	for	high	efficiency	
high	temperature	energy	conversion.	The	fabrication	by	NIL	is	paving	
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